ABSTRACT: Sex differences in foraging behaviour have been explained by size dimorphism and/or avoidance of inter-sexual competition for depletable resources. To distinguish between these 2 hypotheses, we examined how intrinsic factors (sex-related differences) and extrinsic factors (year differences) shape the foraging behaviour of size-dimorphic imperial shags Phalacrocorax atriceps albiventer breeding at New Island, Falkland Islands/Islas Malvinas. We deployed time-depth and compass loggers to male and female imperial shags over 3 consecutive chick-feeding seasons. Males and females partly overlapped in coastal foraging areas, which were used mainly for benthic diving. Males additionally used offshore areas over deep water for shallow pelagic diving, suggesting that spatial segregation is involved in the avoidance of inter-sexual competition for food. Stable isotope data suggested differences in prey composition between the sexes, with consistently higher trophic levels in males, as expected for their larger size. Males were 27% heavier than females and reached greater maximum dive depths (98.9 ± 5.3 m) than females (54.1 ± 2.9 m). However, contrary to predictions based on body size dimorphism, the median dive depths of males were similar to those of females. While females used mainly benthic diving, males were more flexible in their benthic and pelagic foraging behaviour. Females also carried out more dives per day in all years, and deeper and longer dives than males in one year. As dive parameters differed strongly among the years, our results suggest that body size dimorphism and the avoidance of inter-sexual competition for food are involved in the evolution of sex-related differences in foraging in this species. 
INTRODUCTION
Optimal foraging theory (MacArthur & Pianka 1966 , Schoener 1971 ) predicts that animals should forage so as to maximize net energy gain. Optimal foraging behaviour is subject to trade-offs between foraging and other activities, such as nest defence and predator avoidance. Sexes often have different solutions to these trade-offs, and this can in turn influence their foraging behaviour (e.g. Jenkins 1979 , Clutton-Brock et al. 1982 . As studies of sexual segregation in foraging have concentrated on size-dimorphic species, much of the variation has been attributed to size-based mechanisms, such as asymmetrical competition or differences in foraging efficiency (e.g. Weimerskirch et al. 1997 , González-Solís et al. 2000 . It has also been recognized that larger males must acquire more resources to attain greater size as well as to maintain it. The greater food requirements of large males would make it necessary for them to find prey patches that are denser, larger, or of higher quality prey; females, on the other hand, can forage efficiently on smaller or more ephemeral food patches. (e.g. Le Boeuf et al. 2000) .
Diving is energetically expensive for birds, and this is especially true for deep dives and in cold water. For example, double-crested cormorants Phalacrocorax auritus have been shown to have diving metabolic rates about 6 times the basal metabolic rate (BMR) when diving to 10 m (Enstipp et al. 2006) . Energy is required for increased locomotor effort and to counteract increased heat loss. Deeper water is colder, and, due to the increased pressure at depth, the plumage loses more of its insulating properties. Thus, in cold water, dive costs of up to 20 times the BMR have been estimated in birds (Grémillet et al. 2001 , Enstipp et al. 2006 . It has been noted recently (Shepard et al. 2009 (Shepard et al. , 2010 that, due to reduced buoyancy, deep diving is proportionally less expensive metabolically than expected.
In many diving vertebrates that show sexual dimorphism, males and females pursue different foraging strategies (e.g. Japanese cormorants Phalacrocorax capillatus: Watanuki et al. 1996 ; northern elephant seals Mirounga angustirostris: Le Boeuf et al. 2000 ; grey seals Halichoerus grypus: Beck et al. 2003) .
However, it has also been pointed out that some diving marine vertebrates that are monomorphic in body size differ in dive depth and other foraging parameters (e.g. thick-billed murres Uria lomvia: Woo et al. 1999 ; northern gannets Morus bassanus: Lewis et al. 2002 ; common guillemots Uria aalge: Thaxter et al. 2009 ). These differences are unlikely to have been mediated by body size, and could alternatively be explained by avoidance of inter-sexual competition for food.
In addition to size-based mechanisms, the strategy used to obtain food can be influenced by extrinsic factors such as the quality, availability and distribution of prey, the risk of predation (e.g. Heithaus et al. 2009) and climatic factors such as wind levels (e.g. Shaffer et al. 2001) . Foragers would be expected to adjust their foraging strategies to maximize foraging efficiency (Fretwell & Lucas 1969) , especially during the chickfeeding period when energy requirements are highest, and therefore foraging effort should be highest.
Few seabirds show a high degree of sexual dimorphism. This is possibly a consequence of shared chick provisioning and nest defence by both parents, linked with monogamy (Schreiber & Burger 2001) . In most seabird species, males are slightly larger than females, although the reverse is also found, e.g. in skuas, frigatebirds and boobies. The difference is rarely more than 20% of mass. The cormorants of the so-called 'blue-eyed shag complex ' (Van Tets 1976) are thus a notable exception, with a large sexual dimorphism (e.g. Malacalaza & Hall 1988 , Svagelj & Quintana 2007 . They also exhibit extreme dive depths relative to their body mass (maximum recorded dive depth 145 m, Tremblay et al. 2005) . This is even more surprising as they inhabit cold sub-Antarctic and Antarctic waters. Like other cormorants, blue-eyed shags are foot-propelled pursuit-divers. Although several authors have studied the diving behaviour of blueeyed shags (e.g. Wilson & Quintana 2004 , Shepard et al. 2009 , most studies were carried out in a single locality and time. Together, these studies suggest high flexibility in diving behaviour (e.g. Cook et al. 2008 , Quintana et al. 2011 , prey choice (e.g. Green & Williams 1997) , and benthic vs. pelagic dives (Tremblay et al. 2005) , whether among sites (e.g. Cook et al. 2008) , sexes (e.g. Kato et al. 1996 or individuals (e.g. Kato et al. 2000 , Cook et al. 2005 .
In the present study, we used data loggers and stable isotope analysis in breeding male and female imperial shags over 3 successive breeding seasons to explore simultaneously the sexual and inter-annual differences in the diving behaviour, distribution and trophic level of the foraging birds. We specifically aimed to understand how intrinsic factors (sex differences) and extrinsic factors (year differences in response to different environmental conditions) shape (1) foraging daytime, foraging trip duration and total time spent diving throughout the day; (2) dive parameters (e.g. mean and maximum dive depth, dive durations, bottom-time, post-dive interval); (3) frequency of benthic vs. pelagic diving; (4) foraging-space use as related to coastal and offshore habitats; and (5) prey choice, as reflected in stable-isotope values.
METHODS
Study species. Up to 13 geographically isolated species of blue-eyed shags have been considered (SiegelCausey 1988) . They are one of the main top predators feeding on coastal benthic fish (Casaux and BarreraOro 2006) , mainly the Southern Ocean Notothenioidei. In addition, they are known to take a wide range of prey (e.g. Malacalaza et al. 1994 , Punta et al. 2003 , Ferrari et al. 2004 , Michalik et al. 2010 , Yorio et al. 2010 , also including pelagic prey such as cephalopods and lobster krill Munida gregaria, a decapod crustacean (e.g. Thompson 1989 Thompson , 1994 . The diving behaviour of the Falkland/Malvinas Islands population of imperial shags Phalacrocorax atriceps albiventer (locally also known as king shag) has not yet been investigated. They are sexually dimorphic in size (body mass, wing and bill measurements), and previous studies of this and related species have suggested that, due to their larger size, males are able to dive deeper (e.g. Macquarie Island P. albiventer: Kato et al. 1999 ; Crozet shag P. melanogenis: Cook et al. 2007 ; Patagonian imperial shag: Quintana et al. 2011) . Due to the larger bill size, males may also be able to take larger prey (e.g. Favero et al. 1998 The breeding season starts during early October with courtship and nest building. Egg-laying commenced in early November, and hatching in December, followed by a chick-rearing period of ~60 days. Chicks spent the first 6 wk in the nest, and the remainder in crèches. Southern sea lions Otaria flavescens and orcas Orcinus orca are potential predators of adult shags at sea in the Falklands, but there are, to our knowledge, no reported cases of predation. This suggests that the current predation risk is low. It is further assumed that the effectiveness of cormorant escape behaviour does not vary spatially, e.g. between coastal and offshore areas (Heithaus et al. 2009 ).We therefore consider predation as a negligible impacting factor in shaping the foraging ecology of imperial shags.
Previous dietary analyses suggested that imperial shags from New Island feed extensively on lobster krill, as well as on benthic fish such as Patagonotothen sp. and squid (Thompson 1989) . Diet sampling during our present study was in line with these findings, and indicated a variable diet, consisting of fish, crustaceans, and squid (Michalik et al. 2010) . Fish samples were dominated by benthic species (e.g. rock cod Patago notothen sp., frogmouth Cottoperca sp.), but also contained a mainly pelagic species (Patagonian sprat Sprattus fuegensis). Lobster krill, which can form superficial shoaling groups but which is also found at the sea bottom, was the dominant crustacean species, followed by prawn Campylonotus vagans. Squid samples mainly comprised Patagonian longfin squid Loligo gahi (a bentho-pelagic resident squid of the Falkland Island shelf) and the armhook squid Gonatus antarcticus.
During 3 successive breeding seasons, we monitored shag nests at selected study sites on a daily basis for laying dates, and every 5 d during the chick-rearing period. Adults were accustomed to our daily presence in the colony and responded with less escape behaviour than adults in areas visited only occasionally. In order to reduce the risk of nest desertion, we selected study nests with at least 2 chicks of intermediate age (from 10 to 30 d).
Instrumentation. Adult imperial shags were captured by hand on their nests while guarding chicks. Preferably, we captured one partner while the second adult took over guard. However, if this was not possible, the nest and chicks had to be protected. The chicks were either protected by a plastic bowl placed over the nest, or they were removed from the nest and placed in cloth bags. A wooden board was placed on top to protect nests, so that neighbours could not remove nest material. Only one adult per nest was equipped with data-loggers, and different adults were used each year. To reduce handling stress, the head of each bird was covered with a hood during handling. We did not capture incoming adults before they had finished feeding their chicks.
At a safe distance from the colony, each bird was first ringed and weighed with a digital balance to the nearest 10 g. Males were 27% heavier (2.81 ± 0.17 kg) than females (2.21 ± 0.11 kg, t-test: t = 13.4, df 39, p < 0.001). Each bird was then equipped with a precision temperature-depth recorder and a compass-temperature logger (PreciTD and CompassTlog, Earth & Ocean Technologies, Kiel, Germany). The PreciTD loggers (TD, Fig. S1 in the Supplement at www.int-res.com/ articles/ suppl/ m428p271_supp.pdf) weighed 20 g and measured 19 × 75 mm, while the CompassTlog loggers (CT) weighed 14.5 g and measured 16 × 65 mm. The TD was fixed onto the upper side of 4 central tail feathers and the CT onto lower back feathers with Tesa tape (Tesa AG, Hamburg, Germany). It has previously been shown that this size of logger has no negative impact on blue-eyed shags over a short deployment period (e.g. Kato et al. 2000) . The loggers were programmed to start at 03:00 h of the day after attachment and to record data every 1 s for a maximum of 6 consecutive days for the TD and 4 d for the CT, until the memory was filled or the batteries ran flat. Capture of each bird and attachment of loggers took from 15 to 25 min; the birds were released to their nests immediately following logger attachment.
We equipped 18 imperial shags with loggers between 30 December 2006 and 22 January 2007 (hereafter 2006 -07), 12 between 31 December 2007 and 12 January 2008 At recapture (after 5 to 6 d), we removed the loggers, weighed and measured the birds and took a blood sample for genetic and stable isotope analysis. A body condition index was calculated separately for the sexes, using tarsus and bill length as structural measures. Birds returned to their nests and resumed normal c hickguarding behaviour within a few minutes of being released after both initial capture and recapture, and no chicks were lost during periods of device deployment.
Analysis of diving data. Dive data were analysed with custom-written software as described in Mattern et al. (2007) . Dive analysis encompassed identification of dive events and calculation of basic dive parameters for every dive. To compensate for erratic pressure fluctuations when the birds were at the surface, dive events were accepted only if depths >1 m were registered. From the pressure data, basic parameters were determined, such as dive duration, dive depth and duration of post-dive interval (time spent at the surface). Three dive phases were distinguishable: the descent, the bottom phase and the ascent (Wilson 1995) . The start of the bottom phase was defined as the time when the descent rate (i.e. vertical velocity) became less than 0.2 m s -1 after a continuous descent. Similarly, the end of the bottom phase was marked by an increase in vertical velocity of > 0.2 m s -1 , followed by a continuous ascent to the surface. The time be tween start and end of the bottom phase was defined as the bottom duration. Descent and ascent rates were calculated from the depth change and transit time during the ascent or descent phase. The number of bottom wiggles was also calculated. Bottom wiggles are vertical direction changes during the bottom phase, which is an indicator of food intake (e.g. Takahashi et al. 2004) .
To relate observed diving parameters to physiological diving abilities, we followed Tremblay et al. (2005) and Cook et al. (2008) in using the conclusions of an optimality model for diving endotherms (Walton et al. 1998) . This model suggests that when birds deplete only the oxygen from the respiratory tract during a dive, short post-dive intervals on the surface (corresponding to the turnover time of respiratory gases) are needed to recover. Walton et al. (1998) suggested that diving animals should maximize their time being submerged, and thus foraging, relative to time lost to surface recovery. Such efficient dives would last as long as it takes to reach a maximum dive-duration to postdive interval (DD:PDI) ratio. Dives can thus be classified according to this maximum DD:PDI ratio and to the behavioural aerobic dive limit (bADL, e.g. Tremblay et al. 2005 , Cook et al. 2008 . The aerobic dive limit (ADL) is the dive duration after which a sudden increase in blood lactate concentration indicates an elevation in anaerobic metabolism, and dives longer than the ADL should be avoided. The bADL is a proxy of the ADL. Deep-diving air-breathing species can exceed this limit by utilising anaerobic metabolism for at least part of the dive, together with some physiological adjustment to conserve oxygen (e.g. peripheral vasoconstriction, bradycardia; Willmer et al. 2005 ) for long-duration dives. For example, only 52% of the measured dives made by thick-billed murres were within the calculated ADL (Croll et al. 1992) . Direct evidence of dives that go beyond the lactate threshold has been found in Weddell seals Leptonychotes weddellii (Kooyman et al. 1983 ) and emperor penguins Aptenodytes forsteri (Ponganis et al. 1997) . In the latter, the measured ADL (7 min, with a transition time of between 5 and 7 min; Ponganis et al. 1997 ) was close to the ADL calculated on the basis of O 2 stores and diving metabolic rate (5 min; Kooyman and Ponganis 1990) and very close to the bADL based on analysis of the emperor penguins' diving duration vs. surface interval (8 min, Kooyman and Kooyman 1995) , suggesting that the 3 methods are in good agreement.
We applied the last method, and estimated the bADL by plotting all data points of dive durations in relation to PDIs according to Kooyman et al. (1980) , a method previously applied to blue-eyed shags (Tremblay et al. 2005 , Cook et al. 2008 ). The bADL is defined by the point of inflection of an abrupt slope change, when PDIs begin to rise exponentially with dive durations, reflecting an increase in blood lactate concentration due to anaerobic metabolism. This changing point is determined visually on a graphic bottom-contour plot of the data.
Following Tremblay & Cherel (2000) , we calculated an index of benthic diving behaviour. This was based on the assumption that benthic divers dive serially to a specific depth, and thus consecutive dives reach the same depth zone. Such dives are called intra-depth zone (IDZ) dives (Tremblay & Cherel 2000) . The IDZ was defined as the depth ±10% of the maximum depth reached by the preceding dive (Tremblay & Cherel 2000) . In rockhopper penguins Eudyptes chrysocome filholi, the proportion of IDZ dives within a data set of benthic dives was 94%, compared to 40% for series classed as pelagic dives, thus providing a measure of the relative importance of benthic vs. pelagic diving. The method has previously been used in blue-eyed shags (Tremblay et al. 2005) .
Statistical tests were performed with SPSS 11.0.0. Kolmogorov-Smirnov tests were used to test for normality (all p > 0.2). Homogeneity of error variances was checked by plotting residuals against predicted values.
In total, we analysed 18 767 dive events, evenly distributed among 11 to 15 individuals from 3 years (6791 dives in 2006-07, 6250 in 2007-08 and 5726 in 2008-09) . The parameters of dive events were not normally distributed. Thus we used medians to obtain parameters for each foraging trip. Because these medians were not normally distributed either, we again used medians to determine dive parameters for each individual. These latter medians fulfilled the assumptions of parametric statistics, and were used as dependent variables in General Linear Models (GLM) with sex and year as factors. Initially, we included the interaction between the year and sex factors into the model, but removed it if it did not reveal significance (e.g. Engqvist 2005 ). Separate GLMs were run for each trip or dive parameter. As a measure of effect sizes in GLMs we used partial eta-square values (η 2 , i.e. the proportion of the effect + error variance that is attributable to the effect). The sums of the partial eta-square values are not additive (see e.g. http://web.uccs.edu/ lbecker/SPSS/glm_effectsize.htm).
Multiple testing of essentially the same H 0 and/or the same data set required some error-level correction. We did this using Fisher's omnibus test. This procedure combines a number of P-values into a single chisquare-distributed variable with its degrees of freedom equalling twice the number of P-values (Haccou & Meelis 1994 , Quinn & Keough 2002 .
Analysis of CT data. CT data were processed using MTComp software (Compass-Tlog, Multitrace, JSS, Laboe, Germany). We adapted the criteria of other studies using similar devices (e.g. Ropert-Coudert et al. 2004 , Thaxter et al. 2009 ) to distinguish between 4 activities: (1) nest attendance, characterized by stable compass signals; (2) flight, recognized by consistent low-amplitude oscillations; (3) time at sea surface, determined by a very stable temperature and 'noisy' compass signals; and (4) diving, defined by repeated changes in compass signals when birds upended to descend underwater and ascended back to the surface, together with characteristic temperature patterns.
Tracks of birds during trips were reconstructed via dead reckoning (see Wilson & Wilson 1988 , Wilson et al. 1991 , unpubl. data) for birds from the same colony. Direction and distance of travel were corrected for wind speed and wind direction (sampled hourly) using weather data from our own autonomous professional weather station at New Island (ca. 1 km from the Settlement colony; Campbell Scientific). An endpoint correction was applied to constrain tracks to start and finish at the same location (see Wilson et al. 1991 for further details).
Positional data (s -1
) obtained from the analysis of CT data were used to plot and analyse the trips made by the birds using ArcGIS 9.3. The general areas used by the birds, as derived from the CTs, accorded with those from GPS loggers for the 2009 data set (Masello et al. 2010; see also Fig. S2 in the Supplement at www.intres.com/ articles/ suppl/ m428p271_supp.pdf). The total distance travelled on each trip was calculated by summing data over successive time steps (1 s). For each trip, the maximum distance from the colony was calculated as the linear distance to the point in the plotted trip that was farthest away from the geographic coordinates of the departure colony, determined by GPS. Trip duration was taken as the elapsed time between departure from and return to the colony. To avoid pseudo-replication, we calculated the median of all trip parameters for each bird, and used these data in the comparisons between sexes and years.
The nonparametric fixed kernel density estimator was used to determine the 20, 40, 60 and 80% density contour areas (the estimated foraging range), which are a weighted frequency of locations within the specified radius . Kernel densities do not require serial independence of observations when estimating foraging ranges (de Solla et al. 1999) . Density contours corresponding to kernels were calculated for locations in a Lambert Equal-Area Azimuthal Projection centred on the South Pole. ArcGIS 9.3 was used for calculations, together with Hawth's Analysis Tools for ArcGIS (Beyer 2004) .
Stable isotope analysis. Nitrogen stable isotope values (δ 15 N) mainly reflect the trophic level of assimilated prey, with an increase of 1 to 5 ‰ per trophic level (Minagawa & Wada 1984 , Owens 1987 . Carbon stable isotope values (δ 13 C) mainly reflect the carbon source in a food chain and therefore differ among foraging locations. Large-scale changes in latitude (e.g. Quillfeldt et al. 2005 Quillfeldt et al. , 2008 can be superimposed on smaller-scale changes like nearshore vs. offshore habitats or benthic vs. pelagic food webs. Furthermore, a change in δ 13 C can indicate a switch be tween isotopically distinctive prey types that can migrate to a foraging habitat.
We analysed carbon and nitrogen stable isotopes of red blood cells and prey items obtained from food regurgitated during handling or spilled during chickfeeding (Michalik et al. 2010) . The main prey items were lobster krill (n = 6); Patagonian longfin squid (n = 5); and fish Agonopsis chiloensis (n = 1), Cottoperca gobio (n = 2), Patagonotothen squamiceps (n = 1), P. wiltoni (n = 1), Patagonian sprat (n = 1), and a member of the taxon Zoarcidae.
Of the 2 major constituents of whole blood -blood plasma and red blood cells -plasma has a much faster turnover, with a half-life of ~3 d, while red blood cells have a half-life of ~30 d, therefore integrating a much longer time (Hobson & Clark 1993) .
Dried diet samples were lipid-extracted in a Soxhlet apparatus using petroleum ether for at least 6 h until all lipids were extracted, and the liquid was no longer coloured by any remaining lipids. The crustaceans were acid-washed to remove carbonate, with 3.8 w/w% HCl being slowly added until no further CO 2 -gas was formed. The remaining tissue was cleaned with deionised water. Afterward all samples were dried at 60°C for at least 1 d. Blood samples were centrifuged and red blood cells dried at 38°C in an oven for further analysis. Aliquots of ~0.7 mg of each dry sample were weighed into tin capsules.
Stable isotope ratios of C and N were analysed by continuous-flow isotope-ratio mass spectrometry (CF-IRMS) with a Costech ECS 4010 elemental analyser linked to a Thermo Electron Delta Plus XP mass spectrometer. The stable isotope ratios were expressed in δ-values as parts per thousand (‰) according to the fol- Parnell et al. 2008 ) that runs under the free software R (R Development Core Team, 2009) . This model allows the incorporation of sources of uncertainty, in particular the variability in isotope signatures of prey species , Moore & Semmens 2008 . SIAR uses Markov Chain Monte Carlo modelling, taking data on animal isotopes and fitting a Bayesian model to their dietary habits based upon a Gaussian likelihood with a Dirichlet prior mixture on the mean. The model assumes that each target value (i.e. the stable isotope data of each individual) comes from a Gaussian distribution with an un known mean and SD. The structure of the mean is a weighted combination of the food sources' isotopic values. The SD depends on the uncertainty around the fractionation corrections and the natural variability between target individuals within a defined group (in this case, males and fe males). We used the standard setting (20 000 iterations), and the following mean isotopic discrimination rates for diet-blood in birds (reviewed in Caut et al. 2009 Caut et al. (2009) . We included the 3 major prey types (fish, squid and lobster krill) as sources in the mixing model, given the very minor importance of all other prey (e.g. prawns; Michalik et al. 2010 ). We applied the SIAR model only to data of adults in 2008-09, as we had matching prey data for this breeding season.
RESULTS

Daily provisioning behaviour
Male as well as female imperial shags made from 1 to 3 trips d -1 (Table 1, The first trip of the day was the longest and contained the most diving events. Females initiated this trip early in the morning, while males foraged in the afternoon, after the female returned. This behavioural difference was highly conserved, as shown by a major difference in start-time between the sexes (Table 1 , F 1, 38 = 193.6, p < 0.001, χ 2 = 0.85), but not among years (F 2, 38 = 2.2, p = 0.212, χ 2 = 0.12). Males undertook fewer dives d -1 than females (Table 2) . Over the day, they spent less time foraging and under water and had less bottom time (Table 2) than females. The time under water and the bottom time also differed among years, with particularly short underwater times in 2008-09 (Table 2) .
Spatial distribution
Females carried out foraging trips to the coastal areas around the southern part of New Island (especially South Harbor Bay) and to the southeast, between New Island (Fig. 1a, in black) and Beaver Island (Fig. 1a , in grey to the south of New Island) and Weddell Island (Fig. 1a , in grey to the southeast of New Island), to an area known as the Grey Channel, which contains some smaller islands, like Penn and Quaker Islands. Kernel analysis indicated that they spent considerable time in both areas on opposite sides of the Grey Channel (Fig. 1b) .
According to kernel analysis, males also used these coastal areas for most of their foraging time (Fig. 1b) . In addition, they carried out foraging trips to offshore areas of deeper waters toward the NW (Fig. 1) , areas that were exclusively visited by males. There, male shags made some deep dives (>100 m), but mainly engaged in shallow diving (Fig. S4 in the Supplement).
The overlap observed in the foraging areas used by females and males varied among years. The 80% density contour areas of the kernel analyses over- The duration of foraging trips was consistently longer in female shags (Table 3) . However, maximum distances from the colony and trip lengths did not differ between the sexes in 2006-07 and 2007-08 (Table 3) , with common trip lengths around 50 km. Males carried out foraging trips nearly twice as long in the third year, and this was also reflected in higher maximum distances from the colony in males in 2008-09 (Fig. 1a, Table 3 ).
Sex-and year-related differences in dive parameters
Males and females did not differ in their median dive parameters, such as median dive depth and duration (Table S1 in the Supplement at www.int-res.com/ articles/ suppl/ m428p271_supp.pdf, Fig. 2a ). However, they differed in their maximum dive parameters, with males being able to dive faster, deeper and for a longer period than females (Table S1 , Fig. 2b ). The deepest dives re cor ded were 97 m in females and 122 m in males, and the longest dive durations were 279 s and 307s,respectively.These differences were maintained during all 3 years (Fig. 2b) .
The median dive parameters showed differences, however, among years (Table S1 in the Supplement, Fig. 2a) . In particular, 2008-09 was characterized by shorter and shallower dives by both sexes than the other 2 years. The years also differed in the cumulative underwater and bottom times per day (Table 2 ). Year influenced 3 of 9 maximum dive parameters ( Table S2 in the Supplement). An overall effect was detected (Table S2) , although weaker than for median dive parameters.
The distribution of dive depths ( (Fig. 3) . Female behaviour changed less drastically, although some features were similar to those observed in males. In 2006-07 and 2007-08, they showed a major peak at 10 to 30 m, a lower peak in the 30 to 50 m range, and only a few dives of > 60 m. In 2008-09, the 0-10 m depth range became the most important and the difference between the sexes reversed: while males had higher maximum dive depths, females had higher median dive durations and dive depths (Fig. 2) .
Moreover, the relative importance of benthic vs. pelagic diving, described by the IDZ index, differed Table 2 ). Males did more pelagic diving, and post hoc tests indicated that benthic dives were less important in 2008-09 than in the other 2 years.
Classification of dives
A peak in the DD:PDI ratio was detected for dives lasting 29 s in males and 27 s in females; this ratio decreased for longer-duration dives (Fig. S5 in the Supplement). We used bottom-contour plots of the relation between PDI and DD separately for males and females (Fig. S6 in the Supplement), and detected a variation in the scattergram for dives, suggesting a higher bADL for males than females (Fig. S6) .
Although the specifics of choosing the points of inflection are somewhat subjective, the differences observed between the sexes were substantial (Fig. S6) .
We then classified the dives into 3 categories (Fig. 4 ): Dur1 dives (from 0 to 27 s in females and from 0 to 29 s in males; see also Fig. S5 ); Dur2 dives (from 27 to 180 s in females and from 29 to 220 s in males) and Dur3 dives (from 180 to 297 s in females and from 220 to 307 s in males; see also Fig. S6 ). Dur1 dives were more frequent in males than females in all years (χ 2 tests, all p < 0.001). Dur2 dives were more frequent in females than males in all years (χ 2 tests, p < 0.001 in 2006-07 and 2008-09, p = 0.018 in 2007-08). Potentially anaerobic Dur3 dives were relatively rare (Fig. 4) . Both sexes presented strong differences in distribution of dive durations among years (females: χ 2 = 1099, df = 4, p < 0.001, males: χ 2 = 727, df = 4, p < 0.001), and 2008-09 showed a particularly strong difference in this parameter from the other 2 breeding seasons. In both sexes, Dur1 dives were 2 times more common in 2008-09 than in other years; anaerobic Dur3 dives were nearly absent (Fig. 4) .
Stable isotope data
Of the 10 median dive parameters listed in Table S1 in the Supplement, 8 were negatively related to δ Table 3 . Phalacrocorax atriceps albiventer. Parameters of foraging trips during chick-feeding, determined using CT loggers. Median data for each individual were compared, i.e. 1 data point per individual was used to determine mean ± SE, and to test for sex differences, interactions between sex and season (using GLM) and year differences (using ANOVA, separately for males and females, with Tukey post hoc tests). Statistically significant results are bolded; homogenous subsets in ANOVA for year differences are marked with superscript letters Dive depth (m) Table 2 with longer and deeper dives. This result was maintained when controlling for year and sex-related effects in a GLM. In contrast, none of the parameters were correlated with δ (Fig. 5b ). δ 15 N also differed between sexes (GLM, sex effect: F 1, 36 = 7.9, p = 0.008, χ 2 = 0.18), with males showing higher values (Fig. 5a ). However, we detected no year-related differences in δ 15 N (year effect: F 1, 36 = 1.8, p = 0.175, χ 2 = 0.09). The stable isotope data of the 3 major prey types (fish, squid and lobster krill) were separated (Fig. 6) , suggesting their suitability as sources in a mixing model. The distributions resulting from the SIAR stable isotope mixing model (Fig. 7) suggested that in 2008-09, males took 43% fish (95% CI from 29 to 58%), 26% squid (95% CI from 9 to 43%), and 31% lobster krill (95% CI from 29 to 58%). Females took slightly less fish (estimated mean 41%; 95% CI from 27 to 53%), much less squid (estimated mean 13%; 95% CI from 0 to 27%) and much more lobster krill (estimated mean 46%; 95% CI from 31 to 61%) than males.
Adult condition, breeding success and sea surface temperatures
Over the 3 year study, adults did not differ in body condition (body mass corrected for structural size) or body mass before or after the period of logger deployment (ANOVA separately for the sexes, all p > 0.39).
Breeding (Fig. 1c) .
DISCUSSION
Owing not least to the advancement of data logger technology, our knowledge of the foraging ecology of marine apex predators has advanced greatly over the last decades. Studies of surface-feeding seabirds and epipelagic foraging marine mammals have documented the importance of oceanographic features such as continental shelf breaks (e.g. Suryan et al. 2006) , and oceanographic conditions such as sea-surface temperature (Becker & Beissinger 2003 , Quillfeldt et al. 2007a .
There is, however, little information currently on the foraging habitat features selected by benthic-or demersal-feeding air-breathing predators (e.g. Arnould & Kirkwood 2007 and references therein). We here studied sexually dimorphic im perial shags as a major benthic predator in a sub-Antarctic coastal habitat, to un der stand how intrinsic factors (sex-related differences) and extrinsic factors (year differences) influence the foraging behaviour of chick-provisioning males and females.
Intrinsic factors: sex differences
Differences in behaviour between the sexes can be caused by allometric relationships, e.g. faster flight or deeper dives by larger birds. Behavioural differences in monomorphic animals, however, clearly suggest that sexual differences can also be maintained by other intrinsic factors (e.g. Lewis et al. 2002) . Of the sex differences we found in our study, the greater foraging %) indicates the prevalence of benthic diving behaviour, based on the assumption that benthic divers dive serially to a specific depth. The IDZ was defined as the depth ± 10% of the maximum depth reached by the preceding dive range, the greater dive ability and the higher trophic level might be explained by allometry, while the differences in foraging daytime, the greater actual dive performance (more time spent diving, deeper median dive depths) by females and the strong selection of coastal habitat by females are most likely explained by other mechanisms.
The larger foraging areas of male imperial shags observed by us in 2008-09 (Fig. 1 ) are in line with predictions from allometric relationships. A similar pattern was observed in Patagonian imperial shags by Quintana et al. (2011) . Larger individuals can search larger areas per unit time and eat greater amounts and size ranges of prey. However, in 2 of the 3 years of our study, males did not make longer foraging trips, as females also covered nearly 50 km on their trips in coastal habitats (Table 3) .
Consistent with allometry, we observed higher trophic levels in males in all 3 seasons, as indicated by higher N stable isotope values in the red blood cells (Fig. 5) , suggesting that males took consistently larger prey. This has been observed previously in blue-eyed shags (reviewed by Cook et al. 2007) , suggesting that males with their larger bills might be better able to catch larger-sized fish (e.g. Kato et al. 1996) . The stable isotope mixing model for 2008-09 also suggested that females consumed greater amounts of the low-trophic-level lobster krill Munida gregaria. This crustacean can form large aggregations at the sea bottom, but also feeds in the water column. Due to its relatively tough exoskeleton, it is probably of lower nutritional value than fish, but provides a relatively stable food source.
We also found that male imperial shags -as ex pec ted due to their larger sizehad greater diving abilities, larger-bodied animals being able to load greater O 2 stores and have lower mass-specific metabolic rates (e.g. Schreer & Kovacs 1997) . Physiological dive duration parameters (maximum DD:PDI ratio, bADL) differed accordingly between the sexes. We observed sex differences in maximum dive parameters such as the maximum dive depth (122 m in males vs. 97 m in females) and duration and maximum descent rate (Fig. 2b ). Similar differences in maximum dive depth have been observed in other blue-eyed shags, such as Heard Island shags Phalacrocorax nivalis (Green & Williams 1997 : males 60 m, females 33 m), Macquarie Island king cormorants P. albiventer (Kato et al. 2000 : males 109 m, females 62 m), and Crozet shags P. melanogenis (Cook et al. 2007 : males 145 m, females 55 m), but not in Antarctic shags P. bransfieldensis (Casaux et al. 2001 : males 110 m, females 113 m). A recent study using acceleration data to estimate dive effort in imperial shag (Shepard et al. 2009 (Shepard et al. , 2010 found that the degree to which time and energy costs diverge with depth will be a function of (1) the buoyancy of the study individual, and (2) the depth range used. But, how these parameters differ between female and male imperial shags needs to be explored in greater detail.
We observed a range of other sex-related differences, however, that are independent of differences in body size, or are even contrary to expected changes, viz. a greater actual dive performance by females, differ- ences in foraging daytime, and a strong selection of coastal habitat by females, as also reported for Patagonian imperial shags (Quintana et al. 2011) . Offshore waters provide males with deep enough waters to make use of the full range of depths accessible to them, but also to reach pelagic food in productive waters. Being larger and faster, they might be better suited to catching such food than females, thus increasing the overall efficiency of parental investment across the breeding pair. As males expanded their foraging range, they reduced dive depths, especially during 2008-09. Compared with females, males in the present study did not often make full use of their greater diving abilities. The observed mean dive depth, therefore, did not differ between the sexes in the present study (Table 3) . This was mainly caused by a high percentage of shallow pelagic diving behaviour in males.
Similarly, despite diving abilities of up to 145 m, Crozet shag males have been observed to carry out most of their dives in the shallowest depths, 52% of dives being to < 5 m, while females dived mostly to a zone little used by males, viz. between 15 and 35 m (Cook et al. 2007) . Deeper dives among females as opposed to males, including greater maximum dive depth, have also been observed in Antarctic shags (Casaux et al. 2001 ). This was explained by the distribution of smaller prey, which is favoured by females (e.g. Kato et al. 1996 , Favero et al. 1998 . Together, and consistent with our observations in 2008-09, these studies suggest that female blue-eyed shags often dive more deeply than males. Overall, females demonstrated more energydemanding diving behaviour: females carried out more dives in all years (Table 2 ) and deeper and longer dives in a single year. In all years, they made more energy-demanding Dur2 dives. Males spent less time per day than females foraging and under water, and also spent less bottom time (Table 2 ) than females. Wanless et al. (1992) suggested that most long dives in blue-eyed shags are anaerobic. We estimated that up to 9% of all dives in females were anaerobic; in males, this percentage was lower than in females in all years ( Fig. S4 in the Supplement). This might suggest either that males can find sufficient food without diving as long, or that they avoid anaerobic dives.
The greater total time spent diving by females might be caused by several non-exclusive mechanisms. Females might respond to higher chick needs in the morning, with higher female investment thus resulting from temporal segregation in foraging between the sexes in this species. Males might also be able to use pelagic prey species more efficiently.
Studies comparing the provisioning rates between male and female blue-eyed shags would be useful in order to put differences in diving behaviour into the context of chick-provisioning effort. Such studies should take into account feeding frequencies and meal size. However, to our knowledge, only feeding frequencies have been reported for blue-eyed shag species (e.g. Kato et al. 2000) .
We observed that the foraging daytime during chickrearing differed between the sexes. Females carried out the first foraging trip of the day, usually returning around noon to feed the chicks and stay at the nest, while the males foraged in the afternoon. Similar patterns have been observed in other blue-eyed shags (Anvers Island, Antarctica, Phalacrocorax bransfieldensis: Bernstein & Maxon 1984; South Georgia, P. geor gi anus: Wanless et al. 1995; Heard Island, P. nivalis: Green & Williams 1997; South Shetland Islands P. bransfieldensis: Favero et al. 1998; Macquarie Island, P. albiventer: Kato et al. 2000; Crozet, P. melanogenis: Cook et al. 2007 ). Thus, these patterns seem to have a strong genetic background (Cook et al. 2007) . Temporal segregation between the sexes might be caused by diurnal patterns in the availability or behaviour of the main prey, notothenoid fish (Favero et al. 1998) . It has also been suggested that males deliver larger prey items, and this might be more beneficial for the chicks in the afternoon, increasing the chances of survival to the following day (Bernstein & Maxon 1984 , Cook et al. 2007 ). However, males in the present study spent less time diving, and both sexes often carried out second or third foraging trips in a day, such that chicks did not necessarily receive their last meal or their largest meal from the male parent. The strongly synchronized diurnal patterns might have evolved, alternatively, if the females benefit more from replenishing their resources in the morning. This is likely, as fe males are smaller and thus have fewer body reserves. Also, the highly synchronized pattern might benefit females by avoiding conflicts over nest sites with the larger males. Mechanistically, these activity patterns should be reflected in different diurnal hormonal cycles between males and females (e.g. Quillfeldt et al. 2007b and references therein), a subject worth inves tigating.
Extrinsic factors: Inter-annual differences in diving behaviour and foraging-space use
Differences in foraging behaviour and prey choice among years of different environmental conditions and different availability of prey have been observed in many marine predators, and are basis for using apex predators as marine sentinels (Boyd et al. 2006) . In the present study, we observed inter-annual differences in a range of parameters such as foraging distribution, parameters of foraging effort and dive parameters. The differences were particularly strong in males, while females changed their behaviour to a lesser degree.
The second year of our study, 2007-08, was marked by cold-water conditions with negative sea surface temperature anomalies (Fig. 1c) . Sea surface temperature in the area has previously been suggested as an important driver of zooplankton abundance in this ecosystem (Quillfeldt et al. 2007a) , which is more productive at lower water temperatures. The present data suggest that this also affects higher trophic levels, as shags had the highest breeding success in the coldwater year. Under these apparently favourable conditions in the year 2007-08, shags of both sexes foraged at the shortest distance from the coast (Fig. 1, Table 3 ). Such inter-annual differences in foraging-space use are in line with studies of other diving seabirds, and show that coastal species can use different areas depending on the available prey. For example, poorer conditions and inter-specific competition resulted in longer foraging trips and more offshore foraging in rock shags Phalacrocorax magellanicus (Quintana 2001 , Frere et al. 2008 ).
During the cold-water year 2007-08, on the other hand, imperial shags showed the highest rate of benthic diving (Table 2, Fig. 3 ). As the number of dives per day did not differ among years (Table 2) , this resulted in a relatively long time spent under water per day. Thus, while this year would be classified 'low effort' based on trip lengths, it would be classified 'high effort' based on dive parameters.
The breeding season 2008-09 showed a strong contrast to this pattern, as males in particular carried out very long foraging trips, covering a larger offshore area than in the other 2 years; but exhibited a much higher proportion of shallow dives (<10 m depth). Low IDZ values in that year indicated that the dives were predominantly pelagic (Fig. 3) . Short underwater times in 2008-09 suggested good food availability in the pelagic food web. This was consistent with a high prevalence of pelagic prey in imperial shag regurgitates in 2008-09 (Michalik et al. 2010) , including lobster krill, several species of squid and Patagonian sprat. (Diet studies from other years are, unfortunately, missing.) The more frequent use of pelagic prey was not, however, related to higher breeding success, and we therefore suggest that it was the best possible alternative under the circumstances ('best of a bad job' strategy), rather than being based on a preference.
The distribution of dive depths was either bimodal (2006-07 and 2007-08) or skewed to shallow dives . Both distributions have been observed previously in blue-eyed shags. Kerguelen shags made mostly deep dives, with 1 peak at from 20 to 40 m and another at ~90 m (Cook et al. 2008) , similar to the distribution observed in our study in the first 2 years. A bimodal distribution was also observed in male imperial shags from Patagonia (Wilson & Quintana 2004 ). In contrast, Crozet shags showed -similar to our 2008-09 results -a skewed distribution of dive depths, with many shallow dives (Cook et al. 2007 ; Fig. 3) . Thus, the inter-annual differences we observed strongly resembled differences previously observed between sites and species. The present results thus imply that differences in diving behaviour observed between study sites or species of blue-eyed shags based on a single year of measurements can result entirely from inter-year differences. This is the first study on inter-annual variance in blue-eyed shag diving behaviour, but we can compare the present results with studies in other diving seabird species. Kato et al. (2001) recorded data on Japanese cormorants Phalacrocorax filamentosus over 4 summers. The birds fed mainly on epipelagic schooling fish. In a year of low pelagic fish availability, however, they took demersal fish, and tended to dive deeper and longer, reflecting the change in the depth distribution of their prey. As in the present study, Japanese cormorants specializing in coastal shallow waters made long dives, indicating that they were foraging in bottom layers, while those foraging in deeper shelf waters made short dives and they were thought to forage in surface layers (Ishikawa & Watanuki 2002) .
A recent study of gentoo penguins Pygoscelis papua (Miller et al. 2009 ) has yielded similar results. Over a 5 year period, Antarctic krill Euphausia superba was the primary diet item of these penguins in the South Shetland Islands, Antarctica, and fish the secondary. The distribution of dive depths was strongly skewed to shallow dives in 2 seasons with high krill availability, but was bimodal in years of low krill availability. Gentoo penguins share some features of their ecology with blue-eyed shags, specifically, a wide circumpolar distribution range in Antarctic and sub-Antarctic environments, but a restricted individual foraging range (e.g. Trivelpiece et al. 1987) . Miller et al. (2009) suggested that the high flexibility in foraging behaviour of gentoo penguins provides an advantage in coping with different and rapidly changing environmental conditions, enabling them to maintain constant breeding success (Miller et al. 2009 ) and stable populations. In contrast, closely related species that show less flexible foraging behaviour, such as chinstrap penguins Pygoscelis antarctica (Miller & Trivelpiece 2008) , are less able to adapt and hence have declined as a consequence of climate change (e.g. Forcada et al. 2006 , Hinke et al. 2007 .
In the present study, the breeding success of imperial shags was higher in the second year than in the other 2 years, although comparable in most diving parameters to 2006-07 (e.g. Figs. 2 & 3) . Thus, like gentoo penguins (Miller et al. 2009 ), imperial shags are able to partially compensate for different prey availability through highly flexible foraging behaviour.
We also found inter-annual differences in stable isotope data (Fig. 5) . However, interpreting these differences in terms of diet composition and pelagic vs. benthic diving can be difficult, as year differences might be caused by differences in baseline isotopic levels. Thus, unless baseline data are available from each year and food web in a comparison, only relative differences can be compared. In the present study, the relative differences between males and females were similar across the years, with males maintaining consistently higher δ 15 N and lower δ 13 C, indicating a higher trophic level. The lower δ 13 C values could be caused by more pelagic foraging or more squid in the diet.
We further found a negative correlation between δ 13 C ratios in individuals and their dive depths, even when controlling for year and sex effects. This is counter-intuitive, as deep dives should reach the benthic food web, and thus a positive correlation would be expected. The present results are most likely ex plained by differences in prey choice, especially more squid with low δ 13 C values in males. The results suggest that squid, despite the lower (i.e. more pelagic) δ 13 C values might be captured at greater depths than fish or lobster krill. This is consistent with the diel migrations of squid that come to feed at the sea surface at night, but spend the day in deeper waters. These hypotheses could be tested by more targeted dietary sampling of individual birds equipped with data loggers when returning to their nest sites.
CONCLUSIONS
The main findings of this study are:
(1) In line with the pattern expected by their larger body mass, male imperial shags are able to dive deeper and for a longer period than females. Nevertheless, the data suggest that females perform more energetically expensive dives. However, the observed bahaviour varied strongly among years.
(2) Blue-eyed shags are known as a major coastal benthic predator. However, in the present study on imperial shags, pelagic diving was also common, and prominent in 1 year. Contrary to expectation, the larger male imperial shags made more extensive use of the pelagic food chain than the females. It is not known whether imperial shags prefer pelagic or benthic prey, or opportunistically take the prey that is more easily available.
(3) The most striking feature of the at-sea movements by female imperial shags observed in the present study is their exclusive use of coastal waters between the islands. Here, females employed mainly benthic diving, showing relatively constant foraging behaviour among years. Males were much more flexible during any year, with more pelagic foraging behaviour and more time spent in offshore areas over deep water. The overlap in coastal foraging areas speaks against interference competition, which predicts that the larger males would force females to forage elsewhere. In contrast, we found that males moved, while females stayed.
The results are therefore in line with theoretical considerations and empirical data suggesting that smaller animals should be superior in exploitative competition (Persson 1985) . Although we have no direct evidence of exploitative competition between male and female imperial shags, the present data suggest that the larger males travel farther to offshore areas to use alternative prey patches when available. 
